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1
DEVICE AND METHOD FOR ADAPTIVE
DIGITAL PRE-DISTORTION

BACKGROUND

In power amplifier design, there is a trade-off between
efficiency and distortion. Amplifiers that operate under
“Class A” conditions create little distortion but are ineffi-
cient, whereas amplifiers operated under “Class C” condi-
tions are reasonably efficient but introduce significant signal
distortion. For example, “Class C” power amplifiers often
operate in a non-linear fashion whereby input signals are
distorted at a power amplifier’s output when operated near
the power amplifier’s peak output. While both efficiency and
distortion are important considerations in amplifier design,
efficiency becomes increasingly important at high power
levels. Because of this, designers of many modern transmit-
ters elect to accept some non-linearity in their power ampli-
fiers to obtain good efficiency.

To attempt to limit this non-linearity and its correspond-
ing distortion, various linearization techniques are used in
conventional approaches. Conventional linearization tech-
niques can be broadly categorized as feedback, feed-for-
ward, or pre-distortion. The last mentioned technique, pre-
distortion, intentionally distorts the input signal before the
power amplifier to compensate in anticipation of the
expected non-linearity of the power amplifier. According to
this technique, linearization is achieved by distorting an
input signal according to a pre-distortion function in a
manner that is inverse to the amplifier behavior. The pre-
distortion technique can be applied at radio frequency (RF),
intermediate frequency (IF), or at baseband.

Existing pre-distortion techniques are less than optimal,
however, and there is a need for power amplifier systems
that provide improved pre-distortion functionality.

BRIEF DESCRIPTION OF THE DRAWINGS

The following description and annexed drawings set forth
in detail certain illustrative aspects and implementations of
the invention. These are indicative of but a few of the
various ways in which the principles of the invention may be
employed.

FIG. 1 illustrates a transmission system with improved
adaptive pre-distortion in accordance with some embodi-
ments.

FIG. 2 illustrates a block diagram of a transmission
system that uses [-Q data in accordance with some embodi-
ments.

FIG. 3 illustrates a block diagram of a pre-distortion unit
in accordance with some embodiments.

FIG. 4 illustrates a method in flow chart format in
accordance with some embodiments.

FIG. 5 illustrates a block diagram of a pre-distortion unit
that uses a segment-wise piecewise approximation in accor-
dance with some embodiments.

DETAILED DESCRIPTION

The present invention will now be described with respect
to the accompanying drawings in which like numbered
elements represent like parts. The figures and the accompa-
nying description of the figures are provided for illustrative
purposes and do not limit the scope of the claims in any way.

The present disclosure provides for improved transmis-
sion systems that use pre-distortion to improve the linearity
of non-linear devices. Examples of such non-linear devices
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2

can include power amplifiers, such as in wireless base
stations; line drivers in wireline transceivers, electro-to-
optical converters for optical-fiber communication trans-
ceivers, power-amplifier test and characterization equip-
ment.

FIG. 1 shows an example of a transmission system 100
with improved adaptive pre-distortion in accordance with
some embodiments. The transmission system 100 includes a
system input 102, at which an input signal, x(n), such as a
complex digital baseband signal, is received. The system
100 also has a system output 104, at which an output signal,
y'(1), such as an intermediate frequency (IF) or RF signal, is
provided. Ideally, the output signal, y'(t), has the same signal
characteristics as the input signal, x(n), but at IF or RF and
with amplified magnitude. Whereas conventional output
signals are often amplified in a non-linear fashion (whereby
the output signal may be undesirably compressed at larger
signal magnitudes, due to saturation for example), as will be
appreciated in more detail herein, the system 100 can exhibit
substantially linear amplification due to adaptive pre-distor-
tion techniques provided herein. Thus, compared to conven-
tional approaches where the magnitude of the output signal
may be distorted in a non-linear manner over time, system
100 limits the amount of signal distortion injected into the
output signal and thereby improves signal quality in the
system.

To achieve this behavior, the transmission system 100
includes a pre-distortion unit 106, a power amplifier circuit
108, and a power amplifier model 110, wherein the power
amplifier model 110 models amplification of signals by the
power amplifier circuit 108 using a mathematical model,
such as a polynomial approximation. A coupler 112 diverts
a tiny fraction of the RF output signal, y'(t), back onto a
feedback path 114 yielding the baseband feedback signal
y(n), while almost all the power of the output signal con-
tinues to output 104 and a transmission (IX) antenna. The
feedback path 114 extends from the coupler 112 back to the
pre-distortion unit 106 and the power amplifier model 110.
The feedback path 114 includes a comparator 116 and a
parameter estimation unit 118. The comparator 116 has a
first comparator input coupled to the output of the coupler
112, a second comparator input coupled to an output of the
power amplifier model 110, and a comparator output to
provide an error signal, e(n), to an input of the parameter
estimation unit 118.

An example of operation of system 100 is now described.
During a first time period, the input signal x(n) is provided
to input of pre-distortion unit 106, and the pre-distortion unit
106 pre-distorts the input signal, x(n), based on model
parameter, h, thereby providing a pre-distorted signal, z(n),
at an output of pre-distortion unit 106. This pre-distorted
signal, z(n), which is typically a digital signal, is then
converted to an analog signal by a digital to analog converter
(DAC) and the frequency of this analog signal is then
up-converted by up-conversion element in block 120. The
power amplifier circuit 108 amplifies the up-converted,
pre-distorted signal, Z'(t), thereby providing the output sig-
nal y(t). Ideally, the output signal, y(t), would be a linearly
amplified (and analog up-converted) version of the input
signal, x(n), but in actuality, the output signal y(t) during the
first time period can show some additional non-linearity,
such as compression or saturation (e.g., undershoot) for
signal peaks, for example.

A significant portion of the power of the output signal,
y(t), is transmitted through the output 104 to the TX antenna
as shown by output signal y'(t), but coupler 112 diverts a
small portion of the output signal power to feedback path
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114 for analysis. The feedback path 114 down-converts the
output signal and converts this signal to a digital signal using
down-conversion and ADC element 122, thereby yielding
baseband feedback signal y(n). The comparator 116 com-
pares the baseband feedback signal, y(n), to a modeled
output signal, y(n)-e(n), from power amplifier model 110,
thereby providing error signal, e(n). This error signal, e(n),
represents a difference between the baseband feedback sig-
nal y(n) and corresponding points on modeled output signal
curve, y(n)-e(n). Based on both the error signal, e(n), and the
pre-distorted signal, z(n); the parameter estimation unit 118
updates the model parameter(s), h, by an amount dh, and the
updated model parameter, h, is then fed back to the pre-
distortion unit 106 and the power amplifier model 110.

To compensate for non-linearity in the power amplifier
circuit 108, the parameter estimation unit 118 iteratively
updates the model parameter, h, and uses this model param-
eter, h, to tune both the power amplifier model 110 and the
pre-distortion unit 106 in a manner that minimizes the error
signal, e(n), using a least-squares estimation. In this way, as
time goes on, the baseband feedback signal y(n) and more
importantly the output signal, y'(t), become more linear with
regards to the input signal, x(n) (i.e., error, e(n), becomes
smaller over time). For example, during the first time period,
the modeled power amplifier output, y(n)-e(n), is a linear
amplified version of the input signal, x(n), but the baseband
feedback signal, y(n), can undershoot the modeled output
signal y(n)-e(n) due to saturation of the power amplifier
circuit 108. The parameter estimation unit 118 updates the
model parameter, h, to slightly increase the magnitude of the
pre-distorted signal, z(n), relative to the input signal x(n) for
a second time period, which is after the first time period.
Thus, because the pre-distortion unit 106 and power ampli-
fier model 110 each receive an updated model parameter h
for the second time period, the baseband feedback signal
y(n) is much closer to the power amplifier model output
signal, y(n)-e(n), for the second time period, and the error
signal, e(n), is reduced relative to the first time period. This
feedback continues in an ongoing manner, and after several
update periods, the baseband feedback signal, y(n), is a
substantially linearly amplified version of the input signal,
x(n). Thus, the pre-distortion unit 106 pre-distorts the input
signal x(n) based on model parameter h by directly com-
puting an inverse of the power amplifier model 110 in an
iterative fashion. The pre-distortion unit 106 alternates
between computing the inverse of the power amplifier model
110 and updating the model parameter h, thereby providing
a pre-distorted signal z(n).

It will be appreciated that the disclosed adaptive pre-
distortion techniques can use a segment-wise piecewise-
polynomial approximation. Thus, the amplitude range is
divided into a number of amplitude segments, and the model
parameter h, is successively updated for these amplitude
segments. The pre-distortion unit and power amplifier model
can use polynomials that are continuous and differentiable
within each amplitude segment and may or may not have
“kinks” at the amplitude segment boundaries (depending on
the polynomial orders). The model parameter is updated for
each amplitude segment, and the pre-distortion unit and
power amplifier model use polynomials within the ampli-
tude segments where the polynomial order can vary from
amplitude segment to amplitude segment depending on the
behavior of the amplifier.

In some embodiments, some of the units and/or circuits in
FIG. 1 can be implemented in hardware, while other units of
FIG. 1 can be implemented in software. For example, in
some embodiments, the power amplifier circuit 108 is

10

15

20

25

30

35

40

45

50

55

60

4

included on a discrete integrated circuit, while the pre-
distortion unit 106, power amplifier model 110, comparator
116, and parameter estimation unit 118 are implemented in
an application specific integrated circuit (ASIC), or field
programmable gate array (FPGA), for example. In other
embodiments, the pre-distortion unit 106, power amplifier
model 110, comparator 116, and parameter estimation unit
118 are implemented as instructions stored in semiconductor
memory and executed on a processor, such as a micropro-
cessor, microcontroller, baseband processor, or digital signal
processor. In still other embodiments, all components can be
integrated on a single monolithic IC, or in a three dimen-
sional packaged IC made up of multiple dies stacked over
one another in an IC package.

FIG. 2 shows an example where the adaptive pre-distor-
tion techniques are utilized in the context of an IQ trans-
mitter 200. In this example, the input signal has [-data and
Q-data components, which are provided in the form of a
baseband signal from a baseband processor 202. The output
signal y'(t) is wirelessly transmitted from an RF antenna 204.
Discrete-time to continuous-time conversion, discrete-am-
plitude to continuous-amplitude conversion, as well as fre-
quency up-conversion of the pre-distorted signal is achieved
by digital-to-analog converters (DAC) (206, 208), I- and
Q-mixers (210, 212), and a local oscillator (LO) (214),
which provides a LO signal with 90° phase shift between the
I- and Q-data paths. While FIG. 2 shows an IQ transmitter,
the present adaptive pre-distortion techniques are also appli-
cable to other types of transmitters, such as polar transmit-
ters for example, which are contemplated as falling within
the scope of the present disclosure.

Example 1

In order to provide a more detailed example of how the
pre-distortion unit 106 and power amplifier model 110 can
be implemented in this system 100 and other transmission
systems, the following description provides a more rigorous
mathematical treatment of the system. In this system, the
pre-distortion unit 106 is iteratively tuned to continuously
represent the inverse of the power amplifier circuit 108.

In the first step, an initial parameter, h, is provided to the
power amplifier model 110, and initial input data x(n) is
processed. The model output, y(n)-e(n), obtained with this
initial parameter, h, is then compared to the feedback signal,
y(n), resulting in error signal vector, e(n). Parameter esti-
mation unit 118 then uses error signal vector, e(n), and the
pre-distorted signal vector, z(n) to estimate an updated
vector, dh, using a least squares estimator. This can be done
by the following matrix operation:

dh=(ZF7)"' 7" (1a)

where the matrix 7 contains all nonlinear input signal
combinations depending on the power amplifier model 110,
and the superscript H denotes Hermitian transpose. To
stabilize the solution for the vector dh, equation (la) is
regularized by adding a coefficient p in the following way:

dh=(ZF Z+uly '\ 7 (1b)

where | can be chosen to trade off residual error and the
norm of the solution vector dh. This regularization step helps
obtain a “small” (in terms of norm) coefficient vector in
order to ensure stability of the pre-distortion unit 106.

If dh is calculated according to (1b), the model parameter
vector h can be updated according to:

HEO=pOgh )
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which is provided to the power amplifier model 110 and is
used to calculate the power amplifier inverse for the pre-
distortion unit 106. The parameter | controls the update
speed. As soon as the updated power amplifier inverse is
calculated, the parameter, h, is updated for the power ampli-
fier model 110 and the pre-distortion unit 106 to better reflect
the actual inverse of the power amplifier circuit 108. The
whole procedure is performed within a loop to improve the
linearization in an iterative way and to track the amount of
pre-distortion used if the behavior of the power amplifier
circuit 108 is changing over time.

To obtain good overall linearization performance with the
pre-distortion unit 106, the power amplifier model 110 needs
to generate a good approximation of the baseband feedback
signal, y(n). In general, nonlinear models with or without
memory, such as Wiener polynomials, Hammerstein poly-
nomials, memory polynomials, or generalized memory
polynomials, can be used for the power amplifier model 110.
For the sake of illustration, this disclosure describes the
concept with regards to a memory polynomial, which is a
good basic model for wideband applications, as follows:

30 = hooztm) + Y hoczlamlt + 3 > hzin—mlztn-m)t 3

k>0 m>0 k

In equation (3), h,,, denote the elements of the parameter
vector, h, which have to be estimated to minimize the
squared magnitude of the error signal, e(n), in FIG. 1. The
first two terms on the right hand side of equation (3) are
memory-less polynomials, and the other terms are memory
polynomials. An output of a memory polynomial is not only
a function of the current input signal, but is also a function
of past input signals and/or output signals; whereas a
memory-less polynomials are only a function of the current
input signal.

Because the baseband feedback signal y(n) is ideally
identical to the input signal, x(n), the left side $(n) of (3) is
set equal to the input signal x(n) and equation (3) is
re-arranged to yield the pre-distorted signal z(n) according
to:

“
1
2 = 5| 500 % ho Wl = 3 hga(n = m)lzn =)}’

m>0 k

Hl H2

Thus, the pre-distorted signal z(n), as provided by the
pre-distortion unit 106, can be calculated by performing a
summation of memory-less polynomials (H1) and memory
polynomials (H2).

As shown in FIG. 3’s block diagram, the pre-distorted
signal, z(n), of equation (4) can be computed by a pre-
distortion unit 300 with nonlinear feedback. The pre-distor-
tion unit 300 can store input signal x(n) in a buffer 302.
Coeficient 1/h,, (304) can be applied to the buffered input
signal in 302. A delay element (buffer) (306) provides the
input for the non-memory polynomial processor (308).
Since the pre-distorted signal z(n) given by (4) is needed on
the right side of (4), z(n) is computed in an iterative fashion.
In the first iteration, the (unknown) z(n) on the right side of
(4) is replaced by x(n) yielding a first approximation of z(n),
which is used in the second iteration instead of z(n) on the
right side of (4) and so forth. Because using the pre-
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distortion signal z(n) to compute the pre-distortion signal
z(n) is a non causal operation, the H1 block 310 is running
on a clock speed fclkxK. After several iterations (in general,
K), z(n) will converge and will be accurate enough to
generate the next sample z(n+1), which is again an approxi-
mation and which needs again K iterations to obtain accurate
results. To perform this recursive operation, the H1 block
310 and H2 block 312 (corresponding to H1 and H2 in
equation (4)) run with different clock speeds. H1 block 310
runs at frequency fclkxK, while H2 block 312 runs at
frequency fclk (i.e., H1 block 310 runs K times faster than
H2 block 312), because pre-distortion unit performs K
iterations to determine one sample of the desired pre-
distorted signal z(n). Because of this, equation (4) can be
re-written in the final form:

. 1 ®)
D) —
2n) = 7o

X = 3 hod 0Dy

k>0

=SS izt~ mla(n — ml
m k&

H2

H1

where z®(n)=x(n), and j is the iteration number to approxi-
mate the pre-distorted signal z(n).

FIG. 4 depicts the pre-distortion operation as a flow chart
400 to highlight again the nested operations of improving
the power amplifier model through 110 and pre-distortion
unit 106.

Method 400 begins at 402, wherein an input signal x(n) is
received. In some embodiments, the input signal is a digital
baseband signal. For example, the input signal can be a
complex digital baseband signal in the form of an IQ
baseband signal, or can be a digital polar baseband signal.

At 404, the input signal x(n) is pre-distorted based on a
model parameter, h, thereby obtaining the pre-distorted
signal, z(n). Within block 404, at 414, a sample for the
pre-distortion signal z(n) is calculated in the pre-distortion
unit. The sample is iteratively calculated over K iterations to
provide a good approximation of the inverse of the power
amplifier circuit.

At 406, the pre-distorted signal is amplified signal using
a power amplifier circuit after digital-to-analog conversion
and up-conversion, thereby providing the baseband feed-
back signal y(n) through coupling, down-conversion, and
analog-to-digital conversion.

At 408, N samples of a modeled output signal or the
pre-distorted signal z(n) are compared to N samples of the
baseband feedback signal, y(n) to provide an error signal,
e(n). The error signal represents a difference between the
compared signals.

At 410, an update, dh, for model parameter h is calculated
using least-squares estimation to minimize error signal e(n).

At 412, the power amplifier model and the pre-distortion
unit are updated based on the updated model parameter
(W D=hD4pdh).

Example 2

In the pre-distortion unit 300 illustrated in FIG. 3 and the
corresponding equations (3) to (5), this disclosure consid-
ered memory polynomials for the modeling. Memory poly-
nomials incorporate memory only along the diagonals of the
general Volterra kernel, which can limit the achievable
linearization performance especially in more complicated
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high efficiency power amplifier architectures, such as a
Doherty architecture for example. Therefore, the present
disclosure also provides a flexible architecture capable of
realizing a class of powerful models described by:

$r) = hoooz(r) + z(m)f Lo(lz(m)) + Z Lg(lz(n—g)l) | +
&

plzin=1), ... ,z(n-M -G))

where L, are coefficient-dependent operators and the last
term depends only on input samples from the past. As an
example, the well-known generalized memory polynomial
(GMP) model can be mapped onto this architecture. Fur-
thermore it can be advantageous to employ segmentwise
piecewise polynomial approximation onto this architecture.
The segmentwise piecewise polynomial model can be writ-
ten as follows:

$0n) = hoooz(m) +2(m) Y hooellzml = Bil + ©
k

2w > hogllatn = @)l = Bl + plan=1), ... 21— M = G)
7 &
Equation (6) can be re-arranged similarly to the memory
polynomial model and can be mapped onto this architecture,

thereby obtaining the following approximation for the pre-
distorted signal:

. 1 . . M
D) = v [x(n) - z”’”(ﬂ){lo(lz”’”(ﬂ)l) - Zg] Le(lztn - g)I)} -

pzin—1), ... Zln-m—-G))

where the operators [ describe the sum expressions in
equation (6). The operators L. can be implemented as func-
tions or look up tables.

FIG. 5 depicts a pre-distortion unit architecture 500
described by equation (7). In FIG. 5, an input signal x(n) is
received at buffer 502. A first summation element 504
applies the input signal to a first set of polynomials, which
are stored in buffer 506. The resultant signal at 508 is
provided to second summation element 510, which will
provide the pre-distorted signal Z(n). To keep the pre-
distorted signal tuned to represent the inverse of the power
amplifier, the pre-distorted signal is buffered at 512, and then
provided to an absolute value determination element 514 as
well as a multiplier or mixer 516. The absolute value (or
magnitude) of #(n) is then applied to the first operator LO.
Other operators L1, Lg, which are stored in buffers
518, . . ., 520, respectively, are also taken into account at
third summation element 522. The result is a segment-wise
piece-wise polynomial approximation that provides good
linearity for the transmission system.

While the methods illustrated herein are illustrated and
described as a series of acts or events, it will be appreciated
that the present invention is not limited by the illustrated
ordering of such acts or events. For example, some acts may
occur in different orders and/or concurrently with other acts
or events apart from those illustrated and/or described
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herein, in accordance with the invention. In addition, not all
illustrated steps may be required to implement a methodol-
ogy in accordance with the present invention. Furthermore,
the methods according to the present invention may be
implemented in association with the operation of systems
which are illustrated and described herein as well as in
association with other systems not illustrated, wherein all
such implementations are contemplated as falling within the
scope of the present invention and the appended claims.

Although the invention has been illustrated and described
with respect to one or more implementations, alterations
and/or modifications may be made to the illustrated
examples without departing from the spirit and scope of the
appended claims.

In particular regard to the various functions performed by
the above described components or structures (blocks, units,
engines, assemblies, devices, circuits, systems, etc.), the
terms (including a reference to a “means”) used to describe
such components are intended to correspond, unless other-
wise indicated, to any component or structure which per-
forms the specified function of the described component (or
another functionally equivalent embodiment), even though
not structurally equivalent to the disclosed structure which
performs the function in the herein illustrated exemplary
implementations of the invention.

In addition, while a particular feature of the invention may
have been disclosed with respect to only one of several
implementations, such feature may be combined with one or
more other features of the other implementations as may be
desired and advantageous for any given or particular appli-
cation. Furthermore, to the extent that the terms “including”,
“includes”, “having”, “has”, “with”, or variants thereof are
used in either the detailed description and the claims, such
terms are intended to be inclusive in a manner similar to the
term “comprising”. In addition, to the extent that the terms
“number”, “plurality”, “series”, or variants thereof are used
in the detailed description or claims, such terms are to
include any number including, but not limited to: positive
integers, negative integers, zero, and other values.

What is claimed is:

1. A system, comprising:

a pre-distortion unit configured to pre-distort an input
signal based on a model parameter by directly com-
puting an inverse of a power amplifier model in an
iterative fashion and configured to alternate between
computing the inverse and updating the model param-
eter, thereby providing a pre-distorted signal, wherein
the pre-distortion unit calculates the pre-distorted sig-
nal according to the following function:

1
an) = | = 3 haczmlat = 3 D iz = mlz(n = mft
k>0

00 w0 &

where hy,, hy,, and h,,, are coeflicients and x(n) represents
the input signal;
a power amplifier circuit configured to amplify the pre-
distorted signal;
wherein the power amplifier model is configured to model
amplification of the pre-distorted signal by the power
amplifier circuit based on the pre-distorted signal and
the model parameter; and
a parameter-estimation unit configured to update the
model parameter provided to the pre-distortion unit and
the power amplifier model based on the pre-distorted
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signal and an error signal, wherein the error signal
represents a difference between an output signal from
the power amplifier circuit and a modeled output signal
from the power amplifier model, and configured to
iteratively update the model parameter by alternating
between updating the model parameter and computing
the inverse of the power amplifier model by the pre-
distortion unit.

2. The system of claim 1, wherein the parameter estima-
tion unit is arranged on a feedback path which couples an
output of the power amplifier circuit to both an input of the
pre-distortion unit and an input of the power amplifier
model.

3. The system of claim 2, further comprising:

a comparator arranged on the feedback path and having a
first comparator input coupled to the output of the
power amplifier circuit, a second comparator input
coupled to an output of the power amplifier model, and
a comparator output to provide the error signal to an
input of the parameter estimation unit.

4. The system of claim 1, wherein the input signal is a

complex digital baseband signal.

5. The system of claim 1:

wherein an amplification characteristic of the power
amplifier circuit changes in non-linear fashion due to
changes in a magnitude of the input signal; and

wherein the error signal changes the model parameter to
keep a magnitude of the output signal provided at an
output of the power amplifier circuit substantially linear
with respect to the magnitude of the input signal.

6. The system of claim 1, wherein the model parameter is
provided directly to the pre-distortion unit and directly to the
power amplifier model from the parameter estimation unit.

7. The system of claim 1, further comprising:

a unit that provides a set of amplitude segments, which
adjoin one another at amplitude-segment boundaries, to
the system;

wherein the model parameter is updated for each ampli-
tude segment, and wherein the pre-distortion unit and
power amplifier model use polynomials within the
amplitude segments where the polynomial order can
vary from amplitude segment to amplitude segment
depending on the behavior of the amplifier.

8. The system of claim 1, wherein the pre-distortion unit
calculates the pre-distorted signal according to a sum of
memory polynomials and memoryless polynomials which
are tuned based on the model parameter.

9. The system of claim 8, wherein the memoryless poly-
nomials are calculated using a first clock having a first clock
frequency and wherein the memory polynomials are calcu-
lated using a second clock having a second clock frequency,
the first clock frequency being greater than the second clock
frequency.

10. A system, comprising:

a pre-distortion unit configured to pre-distort an input

signal based on a model parameter, thereby providing
a pre-distorted signal, wherein the pre-distortion unit
calculates the pre-distorted signal according to a sum of
memory polynomials and memoryless polynomials
which are tuned based on the model parameter, wherein
the memoryless polynomials are calculated using a first
clock having a first clock frequency and wherein the
memory polynomials are calculated using a second
clock having a second clock frequency, the first clock
frequency being greater than the second clock fre-
quency;
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a frequency up-conversion element to up-convert a fre-
quency of the pre-distorted signal, thereby providing an
up-converted pre-distorted signal;

a power amplifier circuit configured to amplify the up-
converted pre-distorted signal, thereby providing an
up-converted output signal;

a power amplifier model configured to model the ampli-
fication of the up-converted pre-distorted signal by the
power amplifier based on the pre-distorted signal and
the model parameter; and

a feedback path coupling an output of the power amplifier
circuit to the pre-distortion unit and power amplifier
model, wherein the feedback path comprises:

a down-conversion eclement to down-convert the up-
converted output signal, thereby providing a down-
converted output signal;

wherein the feedback path is configured to update the
model parameter based on a difference between the
down-converted output signal and a modeled amplified
output signal from the power amplifier model.

11. The system of claim 10, wherein the model parameter
is provided directly to the pre-distortion unit and directly to
the power amplifier model from a parameter estimation unit
located on the feedback path.

12. The system of claim 10, wherein the feedback path
comprises:

a parameter estimation unit configured to update the
model parameter based on both the pre-distorted signal
and an error signal, wherein the error signal is repre-
sentative of the difference between the down-converted
output signal and the modeled amplified output signal.

13. The system of claim 12, wherein the feedback path
further comprises:

a comparator arranged on the feedback path and having a
first comparator input coupled to an output of the power
amplifier circuit, a second comparator input coupled to
an output of the power amplifier model, and a com-
parator output to provide the error signal to an input of
the parameter estimation unit.

14. The system of claim 10, wherein the pre-distortion

unit calculates the pre-distorted signal according to the
following function:

1
on) = | 30 - % hozmlz0F = > " hztn = mlz(n - )l

m>0 k

where h,, h,,, and h,,, are coefficients, and x(n) represents
the input signal.

15. The system of claim 10, wherein the pre-distortion
unit calculates the pre-distorted signal according to the
following function:

. 1 . .
) = o [X(ﬂ) - z‘f’”(ﬂ){lo(lz”’”(ﬂ)l) - Zg: Ly(lztn - g)I)} -

px(n=1), ... x(n—m—G))

where x(n) represents the input signal.
16. The system of claim 10, wherein the input signal is a
complex digital baseband signal.
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17. The system of claim 10:

wherein an amplification characteristic of the power
amplifier circuit changes in non-linear fashion due to
changes in a magnitude of the input signal; and

wherein the error signal changes the model parameter to
keep a magnitude of the output signal provided at an
output of the power amplifier circuit substantially linear
with respect to the magnitude of the input signal.

18. A system, comprising:

a pre-distortion unit configured to pre-distort an input
signal based on a model parameter, thereby providing
a pre-distorted signal, wherein the pre-distortion unit
calculates the pre-distorted signal according to a sum of
memory polynomials and memoryless polynomials
which are tuned based on the model parameter, wherein
the memoryless polynomials are calculated using a first
clock having a first clock frequency and wherein the
memory polynomials are calculated using a second
clock having a second clock frequency, the first clock
frequency being greater than the second clock fre-
quency;

anon-linear circuit configured to process the pre-distorted
signal;

a non-linear circuit model configured to model the pro-
cessing of the pre-distorted signal by the non-linear
circuit based on the pre-distorted signal and the model
parameter; and

a feedback path coupling an output of the non-linear
circuit to the pre-distortion unit and non-linear circuit
model, wherein the feedback path is configured to
update the model parameter based on a difference
between an output signal from the non-linear circuit
and a modeled output signal from the non-linear circuit
model, and provide the updated model parameter
directly to the pre-distortion unit and directly to the
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non-linear circuit model from a parameter estimation
unit located on the feedback path.

19. A method of wireless data transmission, comprising:

receiving an input signal;

pre-distorting the input signal based on a model param-
eter, h, thereby obtaining a pre-distorted signal,
wherein the pre-distorted signal is calculated according
to the following function:

A 1 . .
Ny = o [x(n) - z”’”(ﬂ){lo(lz”’”(ﬂ)l) - Zg] Ly(lztn - g)I)} -

px(n=1), ... x(n—m—G))

where x(n) represents the input signal;
amplifying the pre-distorted signal using a power ampli-
fier circuit, thereby providing an output signal;
comparing samples of a modeled output signal to samples
of the output signal to provide an error signal, wherein
the error signal represents a difference between the
samples of the modeled output signal and the samples
of the output signal;
updating the model parameter using a least-squares esti-
mation to minimize the error signal; and
updating both the modeled output signal and the pre-
distorted signal based on the updated model parameter.
20. The method of claim 19, wherein updating the model
parameter is updated by iteratively approximating an inverse
of the power amplifier circuit by estimating a memoryless
polynomial over K iterations and estimating a memory
polynomial over M iterations, wherein K is greater than M.
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